We present a lidar technique using femtosecond-terawatt laser pulses to perform a multiparameter analysis of cloud microphysics. Particle size and density within the cloud are deduced from the multispectral multiple scattering pattern of an ultrashort laser pulse. Furthermore, the spectral analysis of the atmospheric transmission of the white-light continuum from the same laser source yields temperature and relative humidity.
INTRODUCTION
Cloud nucleation and maturation processes play a key role in atmospheric modeling, both in the meteorological and climatological time and space scales. 1 In particular, both the droplet growth within the cloud and their number density have a strong influence on the Earth albedo and precipitation forecast. Their characterization requires continuous measurements of the droplet size distribution within the cloud, with a time resolution on the order of several tens of minutes, compatible with the growth and evaporation rates. Besides delicate airborne or balloon-borne in situ sampling, the most promising techniques are multispectral or multiple-field-of-view (MultiFOV) lidars. 2 These techniques rely on the critical dependence of the Mie scattering efficiency (backscattering and extinction cross sections of the particles) and angular pattern, respectively, with the wavelength and the particle size. Most suited for optically thin clouds where multiple scattering is negligible, multispectral lidars 3, 4 use several wavelengths, typically the harmonics of Nd:YAG lasers. Comparing the corresponding lidar returns, one can fit parameters such as the width and the mean size of a predefined size distribution. Hence, this technique requires a priori knowledge about the shape of the size distribution as well as the type of the particles themselves. Adding a depolarization channel moreover allows one to distingush between spherical and nonspherical particles.
Optically thick (i.e., dense) clouds, as relevant for precipitation studies, can be better characterized by MultiFOV [5] [6] [7] [8] techniques. Here, the multiple-scattering pattern is recorded for several FOV values by masking parts of the detector to select specific ranges of detection angle. The FOV dependence of the signal can be used to gain information about the size distribution. However, the limited number of FOV values as well as the use of one single wavelength can yield only unambiguous particle sizes if the fitting interval is restricted by use of a priori knowledge of the cloud of interest. For the improvement of the sensitivity and reliability of the measurements, new remote particle-sizing techniques are required.
The ultimate goal for a full characterization of the cloud microphysics and micrometeorology, e.g. droplet growth, includes knowledge of the thermodynamic parameters of the atmosphere, and especially the relative humidity and temperature, with a reasonable vertical resolution. Balloon-borne radiosondes have limited horizontal and time-resolution coverage, because of the limited amount of balloons that can be launched, and the lack of control over their trajectory. Differential absorbtion lidars have long been developed that provide good quality data, even in airborne [9] [10] [11] [12] or spaceborne 4, [13] [14] [15] conditions. They can measure both water vapor mixing ratio and the temperature profile from the Rayleigh profile across an adiabatic atmospheric model. 16 Alternative to these very-narrow linewidth (0.01 Å) developments, some groups tried to circumvent the vertical gradients in the Doppler shift and the broadening of the measured line 17 by using broadband (several nanometers) laser sources. 18, 19 The emitted spectrum in these experiments is limited, however, intrinsically by the laser process to some tens of nanometers. Efforts to accurately measure water vapor in the atmosphere have also been directed towards Raman lidar. 20, 21 Ultrashort lasers could contribute to a better characterization of the cloud microphysics. In the nonlinear propagation of terawatt-femtosecond laser pulses, filamentation [22] [23] [24] [25] generates a white-light continuum extending from the ultraviolet 26, 27 to the infrared. 28 This directional, broadband emission provides a basis for white-light lidar, i.e. multispectral lidar measurements with high spectral resolutions over a bandwidth of several hundreds of nanometers. White-light lidar was recently demonstrated to allow the simultaneous range-resolved detection of several atmospheric species, [29] [30] [31] [32] [33] including the atmospheric water vapor volume mixing ratio (VMR). 30 However, simultaneous temperature measurement could not be achieved together with the water VMR to allow the determination of the relative humidity.
In this paper, we show that the multiple-scattering pattern around the white-light beam impact on the bottom of the cloud can yield a measurement of its droplet size distribution and density. Moreover, high-resolution broadband spectra obtained in the white-light lidar returns by use of the same laser source provide the water vapor VMR and temperature of the atmosphere below the cloud layer, which in turn yield the relative humidity of the atmosphere. Although this demonstration was performed in two successive experiments, these experiments both use the same laser source and could be driven simultaneously, opening the potential for a multiparameter remote characterization of cloud microphysics.
EXPERIMENTAL SETUP
The experiments reported in this paper were performed with the mobile femtosecond terawatt laser Teramobile. 34 This chirped-pulse amplification Ti:sapphire-based laser chain delivered 300-mJ pulses centered at 795 nm at a repetition rate of 10 Hz. The minimum pulse duration (Fourier limited) was 70 fs. However, for the measurements presented here, the pulses were slightly negatively chirped in the compressor, i.e. the shorter wavelength (blue) component of the laser pulse, which intrinsically has a 15-nm broad spectrum, was emitted ahead of the redder one, to compensate for the atmospheric group velocity dispersion. Adjustment of the chirp permits us to control the range and the onset position of filamentation. 34 The corresponding initial pulse duration was 150 fs for multiple-scattering measurements and 300 fs for spectral measurements. The terawatt output beam was sent collimated with a diameter of 3 cm.
Contrary to early white-light lidar experiments using flashlamps, or more recent demonstrations where a femtosecond continuum was generated in a nonlinear medium at ground level, 35 our experiment was based on white light generated in situ by filaments in the atmosphere. Therefore the light source can be characterized only indirectly by observations from the ground. Four key parameters are the white-light spectrum, its angular distribution (wavelength-dependent divergence), the altitude of the source (filament height), and the backscatter function, including the backward-enhanced white-light emission. 36 The spectrum can be inferred from ground measurements, 27, 28 although it has been recently suggested that at least the conversion efficiency into the white-light continuum may be affected by the generation over long distances in the atmosphere. 32 Moreover, we have measured that the white-light divergence in the same experimental conditions is slightly below 1 mrad, 37 much wider than the 1.2-arcsec FOV of the telescope used in the spectral measurements. Therefore the wavelength dependence of the divergence and the backscatter function distort the observed spectrum, preventing us from considering the spectrum of our white-source to be pre-cisely known. Nevertheless, it is well known that the continuum spectrum is smooth, whereas we measure narrow absorption lines. This permits us to deconvolve the partly unknown spectrum of the light source, as detailed in Section 4. Also, the filament height can be controlled and adjusted up to several kilometers through adjustment of the initial chirp of the laser. 34 ,37 However, we cross checked the filament altitude by fitting the oxygen absorption spectrum during some measurements.
The receiving system consisted of the 2-m primary mirror telescope 38 of the Thü ringer Landessternwarte observatory (341-m altitude), located 30 m away from the laser. For this demonstration experiment, where no range resolution was sought, the telescope was aimed at the impact of the laser beam on the bottom of the cloud layer, which was imaged on a time-integrating CCD camera (SITe, 16 bit dynamic range, time integrated) with 0.006-mrad resolution in the Schmidt configuration (optical aperture of 1.34 m, FOV 0.6°full angle, 30 times the laser beam diameter).
Spectral measurements of the backscattered light have been performed with the same telescope in a Coudé configuration with 1.2-arcsec full aperture and an apparent aperture number of f/46. The signal was analyzed with an Echelle spectrograph 39 with a dispersion of 0.042-0.073 Å per 15 m CCD pixel (EEV limited, 16-bit dynamic range, time integrated) in the spectral range of interest (538-927 nm).
The instrument-broadening function has been measured to be Gaussian, with a typical resolution of 0.1 Å (0.1 cm
Ϫ1
). The signal was averaged over several minutes (3000 to 12,000 laser shots at 10 Hz). All measurements were correlated with the results of an auxiliary, classical lidar detection providing real-time measurement of the height and thickness of the clouds.
PARTICLE SIZE DISTRIBUTION FROM MULTIPLE-SCATTERING PATTERN
Cloud characterization requires the measurement of the droplet size distribution and number density. Recent experiments have shown that clouds or aerosol layers located at an altitude of several kilometers yield valuable signals when backscattered photons 37 are imaged (Fig. 1 ). Such images bear two types of information. On the one hand, differentiating the beam diameter as a function of altitude below the cloud (see arrow in Fig. 1 ) yields the beam divergence, which amounts to 0.16 mrad in the fundamental wavelength. 37 On the other hand, the widescattering halo on the cloud is a clear signature for strong multiple scattering within it. Once corrected with the parallax induced by the experimental configuration, a cut across this halo provides us with the angular pattern of the multiple scattering, bearing information about the cloud itself. Since the ionization of self-guided filaments generated by high-intensity femtosecond lasers have been shown to trigger condensation in supersaturated atmospheres, 31 we ascertained that no filamentation occurred at the cloud altitude, in order to avoid affecting the droplet formation.
High-resolution images of the pattern around 800 nm provide for the first time a multi-FOV [5] [6] [7] [8] lidar at this an- gular resolution, which allowed us to fit the droplet size distribution within the cloud using a genetic algorithm. 40 The particle size distribution was modeled by 18 size classes between 0.1 and 20 m. The weights of each size class were the free parameters. Since we rely on laser beam images on the cloud, we obtained depth-integrated data, which led us to consider that the size distribution is homogeneous within the cloud depth. To avoid possible slight errors induced by multiple scattering on the measurement of the beam divergence, 37 we also left the exact beam divergence as a free parameter. The genetic algorithm used to determine the size distribution works as follows. A set of 100 ''individuals,'' i.e., temptative solutions (size distribution and laser divergence) was randomly generated, and the corresponding theoretical multiplescattering patterns were computed, as detailed below. Then the 30 best solutions, i.e., those who fit the experimental pattern better, were selected and combined to form 100 new (''children'') temptative solutions, and the algorithm was iterated until convergence was achieved after 580 iterations.
To compute the theoretical multiple-scattering pattern corresponding to a given size distribution, we first averaged the calculated Mie scattering angular pattern over each size class. The use of Mie scattering is supported by temperatures of Ϫ25°C to Ϫ20°C measured at the cloud height (6 km) by radiosondes during the multiplescattering measurement. This temperature is well above the Ϫ35°C threshold for a full freezing of the water particles, allowing us to consider the particles as spherical droplets. To model a smooth size distribution, we used a Gaussian shape for each class, and the width was chosen so that the wings of neighboring classes slightly overlapped. Then we generated an effective overall angular Mie scattering pattern by averaging the contribution of each size class, weighted according to the temptative solution under consideration. This angular pattern was then used to simulate the multiple-scattering pattern, treating the nth-order scattering as n individual scattering event, with the angular probability given by the effective Mie scattering pattern of the size distribution. 41 Between the scattering events, we considered propagation segments of a length equal to the mean free path of a photon in the cloud L mfp ϭ 1/͓2 ͚ N i r i 2 Q s (r i )͔, where N i is the particle density of class i, r i is its droplet radius, and Q s (r i ) is the corresponding scattering coefficient calculated from Mie theory for water droplets with refractive index n ϭ 1.334. The auxiliary lidar provided a cloud altitude of 6 km and a thickness of ϳ1 km, much more than the mean free path of photons within it (10-1000 m for the considered ranges for particle densities and optical thicknesses), so we were able to neglect rays lost by scattering beyond the top of the cloud. Since we deal with relatively dense clouds, Rayleigh scattering from air molecules is neglected. As measured below the cloud, the incident laser beam is considered Gaussian, with a divergence of several tenths of a milliradian.
Tests within the entire parameter range of interest showed that the orders beyond fourth-order scattering had a negligible contribution to the scattering pattern (Ͻ5%). Hence, calculations are restricted to the orders 1 (single scattering) through 3 in the following, reducing the computing time and allowing iterative fitting of the experimental pattern. As shown in Figs. 2 and 3 , the simulated radial multiple-scattering profile of individual size classes critically depends on the particle size and density within the cloud, allowing to determine the average particle size within the cloud. Figure 4 shows the obtained fitted size distribution. Its maximum is peaked around 5 m, in line with median values reported in the literature for continental stratus clouds. 42, 43 The corresponding mean free math L mfp ϭ 700 m and extinction coefficient ␣ ϭ 1.4 ϫ 10 Ϫ3 m
Ϫ1
are qualitatively compatible with both the intense signal in the auxiliary lidar detection system and the fact that the auxiliary lidar signal can be received through the 1-km-thick cloud layer. The droplet size distribution and the cloud density retrieval over more than 15 size classes were made possible by the high-resolution multi-FOV data available from the images of the laser beam on the bottom of the clouds. Moreover, we also recorded similar multi-FOV data in the 400-500 spectral region of the white-light continuum. 37 The simultaneous analysis of the multiple-scattering pat- terns in two or several spectral regions, with different penetration depths, may provide an opportunity for one to circumvent the intrinsic depth integration of each of our monochromatic data, yielding layered size-distribution data. Independent fits at several wavelengths could also help validate the technique by providing data about the same size distribution.
RELATIVE HUMIDITY RETRIEVAL
Besides the droplet size distribution, characterization of the cloud microphysics requires knowledge of the thermodynamical parameters of the atmosphere around it, including relative humidity and temperature. We achieved this measurement with the same laser source as the multiple-scattering study for droplet sizing described in Section 3, thus prouding the potential for a simultaneous measurement.
More precisely, we analyzed the range-integrated spectrum of the white-light continuum backscattered from clouds located 4.5 km above the ground level, as measured by the auxiliary lidar. The cloud is treated as a hard target, neglecting the penetration depth of less than 100 m Ӷ 4.5 km measured by the auxiliary lidar. The spectrum of the backscattered white light was recorded between 680 and 920 nm, 31 thus encompassing in the same measurement the rotational-vibrational band of H 2 O centered at 820 nm, as well as the O 2 A band around 762 nm.
Since the available spectral range covers lines of different intensities, the bands used in the fit have been chosen to optimize the signal while avoiding saturation, in relation to the actual concentration of the species to be measured. Two fitting procedures, both benefitting from the wide available spectral interval, have been applied independently to two spectra acquired under different laser parameters, to crosscheck the results. The fits are based on HITRAN 2000 44 high-resolution database. The instrumental resolution is ten times broader than that required for differential absorption lidar measurements of pressure or temperature profiles by use of water vapor lines or the O 2 A band. 17, 45 However, since the fit is performed over a broad spectral range, we were able to convolve each synthetic spectrum with the known instrumentalbroadening function in the fitting procedure. The accuracy of this technique was also checked numerically over simulated spectra. The broad spectral range, together with the narrowness of the absorption lines that we considered, permitted us to circumvent the poor characterization of the white-light continuum source and of the backscatter spectral efficiency on the cloud. Since these functions are known to be smooth, we fitted them as a smooth baseline on the recorded spectrum, as is common e. g., in astronomy. Then this baseline is used to normalize the absorption spectrum over the entire spectral range.
The first procedure was applied to a spectrum acquired at 22:00 UT. The temperature was retrieved from the O 2 A band spectrum and subsequently used to fit the water vapor VMR of the atmosphere from water absorption band of the same spectrum. More precisely, the stable meteorological conditions allowed us to consider a stan- dard vertical pressure profile and a typical temperature decrease by 6.5 K/km (treated with a vertical resolution of 100 m), and the known VMR of oxygen in the atmosphere (20.9%) was considered. The fitting parameters were the ground temperature (T g ) and the emission altitude of the white light (z WL ). The filament length is neglected, since we have found that it is much shorter than the absorption length under our experimental conditions. 37 Fits in the 761-764 nm and the 766-769 nm ranges both yield T g ϭ 287 Ϯ 1 K and z WL ϭ 550 Ϯ 100 m. Note that the filament altitude obtained for a medium group velocity dispersion precompensation (300 fs initial pulse duration) is in line with data obtained independently with a geometrical method. 37 The ground temperature is slightly higher than measured at ground level during the experiment (282 K). However, the nearest radiosonde temperature profile available (23:00 UT, Meiningen, at 100-km distance, Fig. 5 ) shows that this discrepancy is due to a sharp temperature gradient near to the ground, below the white-light emission altitude. Therefore the retrieved temperature is reasonable.
This profile and white-light emission altitude were used as references to determine the relative humidity, which was supposed to be constant over the considered altitude range. More precisely, the above-determined temperature and pressure profiles were used to get the relative humidity values from the corresponding water vapor VMR, with the same 100-m resolution. The fit was performed in the water vapor 4-overtone band in both the 813-816 nm and the 825-829 nm regions (Fig. 6 ). This fit yields a relative humidity of (49 Ϯ 3)%, in good agreement with the vertical average of the radiosonde data (Fig. 7) . Hence, white-light lidar data have, for the first time, allowed multicomponent measurements yielding both temperature profile and relative humidity data, which are key parameters in the understanding of the physics of cloud formation and precipitation.
This result was cross checked by a second independent fitting procedure in which both the mean temperature and the water mixing ratio (VMR) of the atmosphere were obtained simultaneously from the same fit of the experimental spectrum over the 815-840 nm spectral region (4-overtone band). Here, the filaments are considered to span over a short altitude range near the laser output. 34 Hence, the absorption length of the white light is fixed to 9 km. The fit yields a vertically averaged humidity and temperature of 0.38 Ϯ 0.01% and 279.2 Ϯ 0.4 K, respectively.
The resulting relative humidity at ground level is therefore estimated to be 42 Ϯ 3%, comparable with the result of the first fit.
Spectral measurements thus simultaneously yielded the temperature and the relative humidity of the air mass under the clouds, within an error compatible with the requirements of meteorological or climatological modeling purposes. Two variants have been demonstrated in which multiple parameters are retrieved either from distinct spectral regions or from one single, broad wavelength interval. Since the presented results are rangeintegrated measurements, the analysis required assumptions about the vertical profile of both water vapor and temperature in the atmosphere. Although these assumptions are validated by radiosonde data in the case of our experiments, in principle deviations from the standard models used will cause errors in the data analysis. However, this range integration and the use of a cloud as a target are not intrinsic to the white-light lidar technique, since the CCD detectors can be time gated. Although Rayleigh backscattering in free atmosphere is 100 to 1000 times less efficient than Mie backscattering from a typical cloud, a better fitting of the telescope field of view with the laser divergence, i.e., 1 mrad instead of 6 rad, would improve the signal by a factor of 3 ϫ 10 4 . Hence, the signal would still be ten times more intense, allowing us to reduce the integration time by a factor of 10. Then differentiating the backscattered white light with respect to altitude would yield altitude-resolved relative humidity profiles, therefore allowing for humidity mapping across the atmosphere.
CONCLUSION
In conclusion, we have shown that a lidar technique using the supercontinuum generated by the filamentation of femtosecond pulses during their vertical propagation in the atmosphere can be used to analyze both the clouds (droplet size distribution and number density) and the thermodynamical properties of the atmosphere in their vicinity, such as the temperature and relative humidity. Since both of these measurements use the same laser source equipped with suitable diagnostics for imaging and spectral analysis, they are suitable for a simultaneous operation. Although preliminary, they open the way to a multiparameter analysis of the cloud microphysics by combined white-light differential absorption and multi-FOV lidar. Routinely obtaining such data about the cloud microphysics would be of high relevance for atmospheric modeling, especially considering the twodimensional and three-dimensional mapping capability of lidar.
However, the present experiment does not fully use the potential of the described technique. The use of several wavelengths in multi-FOV aerosol analysis would yield more-precise size distributions of the aerosols in the clouds and may even allow us to determine layered sizedistribution data. Also, range-resolved spectral measurements using time-gated multichannel detectors would yield relative humidity profiles and release the need for assumptions about the atmospheric temperature and water VMR profiles in the data analysis. Moreover, the practical use of the technique described in this paper, e.g., for routine measurements, requires eye safety, which drastically limits the laser power at 800 nm. However, the white-light lidar measurements are performed at a wavelength that is independent of the laser source. Therefore the currently developing high-power, ultrashort lasers in both the UV and in the telecom window raise the hope of application of the white-light lidar techniques to laser sources in wavelength bands where eye safety can be achieved at much higher powers, compatible with that required for nonlinear effects. 
